Ceria nanoparticles are capable of performing the function of some enzymes (such as oxidoreductases, phosphatase) and can be classified as nanozymes. In this review, the actual data on the enzymatic activity of ceria were critically analyzed and specific conditions under which the cerium dioxide nanoparticles can act as enzymes were defined. The presented analysis may be useful in the planning, design and synthesis of ceria nanoparticles having the desired enzymatic functions required for various processes, including the development of the nanodrugs, which exhibit the therapeutic effect depending on their composition and pH of media, development of molecular sensors and biosensors, etc.
Introduction
It is a well-established fact that almost all biological processes involve enzymes; therefore, the development of the non-proteinaceous analogues of enzymes is among the most interesting and promising tasks in pharmacological and biomedical research. Over the last few decades there have been a series of artificial enzymes created that have replaced the natural ones in a number of practical applications [1] [2] [3] [4] . Finally, in very recent years, it has been found that some nanomaterials also exhibit enzymatic activity. Such nanoscale artificial enzymes were called "nanozymes" and were separated into a particular class of biomimetics [5] [6] [7] . The diagram (Fig. 1) shows the chronology of the discovery and research of natural and artificial enzymes.
Natural enzymes and well-known industrial inorganic catalysts have a lot of common features. Both natural enzymes and inorganic catalysts are able to increase the rate of chemical reactions; they are also capable of recycling, which means that after the completion of the catalytic cycle the reagents are regenerated to the initial state. Obviously, the previously summarized knowledge of the catalysis and the properties of the catalysts is useful for biomedical applications, including enzyme-mimetic ones.
Generally, the main difference between natural enzymes and technical catalysts is in the rate of the corresponding chemical (biochemical) processes, where the natural enzymes are more active than the artificial ones. However, recent advances in the field of nanomaterials have allowed the creation of catalysts whose characteristics are not inferior to the native enzymes and, in some cases, even surpass them. The natural enzymes, being proteins, are sensitive to reaction conditions and could be inactivated at high temperatures and at a critical pH. The natural enzymes are: 1) highly selective towards the substrate, 2) selective towards the reaction catalysed and 3) stereoselective. The artificial non-proteinaceous analogues of enzymes are attractive due to their low cost, and also because of the wide range of the conditions in which they maintain their activity and stability. Nanozymes are able to operate under harsher conditions, but typically are less selective. The reactions catalysed by nanozymes follow Michaelis-Menten kinetics; however, nanozymes do not satisfy the above-mentioned "triple selectivity" rule. Curiously, some nanozymes can mimic different enzymes, depending on the conditions of the reaction. Thus, the nanoparticles of noble metals and carbon nanotubes are able to exhibit catalase, oxidase and superoxide dismutase activities. Cerium dioxide nanoparticles possess oxidoreductase, phosphatase and possibly NO-reductase activities.
Some metals, semiconductors and insulators are known for their catalytic properties; however, only a small part of them are suitable for in vivo biomedical applications. This is caused by the toxicity of nanomaterials, which is determined by several factors, such as the release of their toxic constituents into biological fluids, in molecular or ionic form. The nanoparticles of the transition metal compounds can participate in Fenton/Haber-Weiss reactions, FIG. 1. The chronology of the discovery and research of the three generations of enzymes (adopted from [7] ) resulting in the formation of the very toxic hydroxyl radical. Finally, due to their catalytic properties, some of the nanomaterials (oxides of zinc, titanium, cobalt, copper and some other materials, such as carbon nanotubes, etc.) can generate reactive oxygen species (ROS) and cause oxidative stress. This limits the current selection of nanozymes for potential pharmaceutical applications, narrowing it down to the noble metals' nanoparticles (gold, platinum and palladium) and cerium dioxide.
Ceria-based nanomaterials play a key role amongst the currently available nanozymes. The well-known ability of nanoceria to catalyze the redox reactions is widely used in industrial applications (for example, as catalytic converters, reducing harmful emissions in the exhaust fumes from automobiles). Biomedical applications of nanocrystalline cerium dioxide are promising because of two main reasons: its redox activity and its relatively low toxicity. The first factor measures the ability of the cerium dioxide nanoparticle (CDN) to participate in the redox processes in living cells, particularly in the destruction of ROS. The second factor provides that the in vivo application of cerium dioxide nanoparticles is safe. One of the key properties of CDNs is the capability of regeneration, which implies that cerium dioxide nanoparticles that have participated in the redox process can return to the initial state over a relatively short period of time.
From the chemical point of view, the dimensional effects are manifested most significantly in the particles where the ratio of surface atoms versus bulk atoms is ≥ 1 (which for the octahedral-shaped CeO 2 particles corresponds to the calculated size of about 4.7 nm (Fig. 2) ). In terms of condensed matter physics, the size effects are manifested in the particles of a semiconductor, which are smaller than the Bohr radius of exciton of the corresponding material (for CeO 2 ∼7.0-8.0 nm [8] ). Finally, from the biological point of view, the preferred size of CeO 2 particles is less than 6 nm, when their cytotoxicity is at the lowest [9] . To date, several methods that would satisfy the denoted criteria have been developed for the synthesis of CDNs, in which the CDNs could form biocompatible sols suitable for nanopharmaceutical applications (some examples are shown in Fig. 3 ) [10] [11] [12] [13] [14] . The conditions of CeO 2 nanoparticle formation were studied, especially their impact on the characteristics of the formed particles, such as size, degree of crystallinity, oxygen stoichiometry, stability and ζ-potential, as well as other parameters that determine the behaviour of the particles in biological systems [9, 15] . The resulting nanoparticles had low toxicity and were able to participate in the reversible redox processes, to protect organic molecules from oxidative degradation. They were also able to inactivate free radicals and had the functionalities of some enzymes.
FIG. 2.
The calculated number of surface and bulk cerium atoms in CeO 2 nanoparticles as a function of the particle size. Data for calculation of octahedral-shaped ceria nanocrystal taken from [16] FIG. 3. The appearance and electron micrographs of cerium dioxide samples obtained under various conditions: A -cerium dioxide precipitated from cerium(III) nitrate solution in the mixture of isopropanol:water (19:1) [10] , B -sample prepared by microwave hydrothermal treatment at 210
• C for 3 h [10] , C -sample prepared by the combination of anionite and microwavehydrothermal treatments at 190
• C for 3 h [11] , D -sample prepared using polyacrylate as stabilizer and further treated hydrothermally at 180
• C for 15 min [12] , E -sample prepared using citrate as stabilizer and further treated hydrothermally at 180
• C for 15 min [12] , Fsample prepared using citrate as stabilizer and further treated hydrothermally at 180
• C for 3 h [12] 2. CDN is superoxide dismutase mimetic
2 ) is one of the most damaging ROS. In cells, superoxide radicals are formed primarily in the mitochondria, where these radicals damage proteins and initiate lipid peroxidation. Protonation of superoxide radicals leads to the formation of even more aggressive hydroperoxyl (HO * 2 ) radicals, reaction with nitric oxide forms peroxynitrite (ONO − 2 ) radicals. Superoxide radicals destroy iron-sulphur clusters of some enzymes, releasing ferric ions, which are then involved in a Fenton reaction, leading to the formation of hydroxyl radicals (OH * ).
Superoxide dismutase (SOD) mimetic activity was one of the first discovered enzyme-like functionalities of CDNs [17] [18] [19] [20] . For natural SOD and nanoceria, the mechanisms of the reactions with superoxide are similar [20] . It is well known that the inactivation of superoxide anions by superoxide dismutase is a two-stage process: enzymatic radical dismutation leads to the formation of less toxic hydrogen peroxide and oxygen, and then SOD is regenerated. The reaction for copper containing SOD is shown in Scheme 1(A), where the catalyzed reaction is written as follows: 2O
Nanoparticulate CeO 2 accelerates the same reaction, which includes two stages [20] . After the reaction is completed the effective oxidation state of cerium in CeO 2 remains unchanged; see Scheme 1(B). Scheme 1. Superoxide dismutase-like activity of CDN Interestingly, prior treatment of ceria nanoparticles with hydrogen peroxide led to the oxidation of the surface ions from Ce 3+ to Ce 4+ , which caused the complete loss of superoxide dismutase-like activity in CeO 2 nanoparticles [18] . However, after a while, the nanoparticles regained the activity, i.e. the particles returned to their original state. These results strongly suggest that the state of the surface of the CeO 2 particles is important for the inactivation of superoxide radicals, whereas the presence of cerium (III) in the surface layer is the most significant factor. It was also observed that the activity of CeO 2 nanoparticles, to a great extent, depends on the thickness and permeability of the organic layer of stabilizer on its surface [19] .
The ability of the nanosized cerium dioxide to mimic SOD is directly determined by the size factor. Thus, the SOD mimetic activity level of the sample of CeO 2 , with the particle size of 3-5 nm, was comparable to ferricytochrome C, whereas the sample of CeO 2 with a larger particle size (5-8 nm) was significantly less active [20] .
Similarly, epinephrine auto-oxidation in an alkaline medium occurs via the formation of the superoxide radical; nanosized cerium dioxide inhibits this process and the mechanism of the inhibition is similar to that of SOD, whereas the inhibition rate of the process depends on the particle size and pH of the solution [21] . SODmimetic activity of CDNs depends on the aggregative stability of sols; it strongly decreases when the threshold of coagulation has been achieved [22] .
Batinić-Haberle et al. [23] studied a number of SOD-mimetics (manganese compounds, metal nitroxides and oxides, porphyrin and metalloporphyrin derivatives, fullerenes) in detail. It was shown that, among other compounds, SOD-like activity for CDNs (particle size 3-5 nm) had the maximal value, practically at the level of the natural enzyme, log(k cat [O The dismutation of the superoxide radical on the hydrated CDN surface can be written as follows:
The release of hydrogen peroxide leads to the formation and decomposition of cerium hydroperoxide Ce(OH) 3 (OOH) on the CDN surface:
In practice, on the CDN surface during the dismutation of the superoxide radical, three basic electrochemical reactions occur:
The electrode potential of the superoxide radical dismutation at pH 7.0 in the case of the oxidation reaction is E = −0.16 V, in the case of the reduction reaction is E = +0.89 V (relative to the standard hydrogen electrode) [23, 24] .
The standard electrode potential of the cerium species in the case of Ce 3+ /Ce(OH) 4 Green zone shows data for the "ideal" O − 2 dismutation catalyst [23, 24] . Calculated values of the redox potential of stoichiometric and nonstoichiometric CDN at pH 7.0 (lower part) This result confirms the authors' conclusions [18] that cerium dioxide nanoparticles having a high concentration of trivalent cerium possess high SOD-like activity. At the same time, it can be seen from the figure that with increasing Ce 3+ concentration the catalytic activity of the system increases nonlinearly, and after reaching a certain value, its decrease will be observed.
SOD is an anti-oxidant enzyme and plays a vital role in oxidative stress protection systems in most cells which have contact with oxygen. Nanocrystalline cerium dioxide, like SOD, is a powerful protector, enabling the survival of the cells under oxidative stress from exogenous or endogenous ROS.
CDN can destroy hydroxyl radicals
The hydroxyl radical (OH) is one of the most aggressive ROS: it oxidizes almost all organic moleculesincluding proteins, nucleic acids and other biopolymers.
This radical is able to tear off hydrogen from molecules of non-saturated fatty acids and to initiate peroxidation of lipids. The specific enzyme, capable of inactivating the hydroxyl radical, is absent in the nature: unlike superoxide, which can be detoxified by superoxide dismutase, the hydroxyl radical is scavenged by molecular antioxidants (vitamin E, ascorbic acid) -but not by an enzymatic reaction, since the hydroxyl radical is extremely reactive and its diffusion to the possible enzyme's active site is slower than the radical half-life [26] . In the presence of ceria nanoparticles, the blasting activity of the hydroxyl radical decreases, which allows us to assume that CDNs can catalytically destroy OH [15] . In view of the absence of the conforming natural analogue of such a catalyst, it is not obviously possible to define the scheme of the corresponding process (Scheme 2(A)). However, in a pioneering work, the mechanism of interaction of the hydroxyl radical with cerium ions in solution is described [27] . Possibly, the mechanism of the hydroxyl radical inactivation by cerium dioxide nanoparticles can have a similar appearance (Scheme 2(B)).
Scheme 2. CDN scavenges the hydroxyl radical
The protective action of CDNs against hydroxyl radical has been confirmed by the data reported: cerium dioxide nanoparticles provided an effective protection for methyl violet dye molecules from the oxidation by hydroxyl radicals, which were formed in Fenton's reaction [28] . The probable mechanism of hydroxyl radical scavenging activity of CeO 2 nanoparticles was proposed; see Scheme 2(C). It should be noted that the ability of CeO 2 nanoparticles to inactivate hydroxyl radicals sharply increased with decreasing particles size, which, according to the authors, is due to the increased content of Ce 3+ on the surface of the particle. This pattern was recently confirmed for CeO 2 nanoparticles stabilized with maltodextrin [29] . The ability of ceria nanoparticles, with the particle size of 3-5 nm, to inactivate superoxide and hydroxyl radicals was also confirmed by EPR [30] .
CDN is oxidase mimetic
In oxidase-catalyzed reactions, the substrate is oxidized by molecular oxygen, leading to the formation of water, hydrogen peroxide or free oxygen radicals. The mechanism of these reactions is shown in Scheme 3(A) in a simplified form, where E*(Red) and E(Ox) are the reduced and oxidized forms of the enzyme. Sub(H 2 ) and Sub(Ox) are the reduced and oxidized forms of the substrate respectively. CDN is shown to possess catalase-like activity; for instance, at low pH, the dextran-stabilized CeO 2 nanoparticles could oxidize the organic dyes, such as 3,3,5,5'-tetramethylbenzidine and 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid), as was reported [31] . The authors demonstrate that oxidase-mimetic properties of CDNs could be used in immunoassays, including those for identification of cancer cells. The most plausible mechanism of the oxidase-like activity of CDNs is shown in Scheme 3(B), which is similar to Scheme 3(A) [31] .
Scheme 3. Oxidase-like activity of CDN According to the Pourbaix diagram for cerium, upon decreasing pH, the oxidizing ability of Ce 4+ is enhanced and the reaction rate under Scheme 3(B, right part) increases, while the possibility of particles' regeneration under Scheme 3 (B, left part) drops. Probably, CDNs exhibit maximal oxidase-like activity at certain pH in the acidic domain.
The concentrations of quadrivalent (as CeO 2 ) and trivalent cerium ions in aqueous media are linked by the equation [25] log Ce
At atmospheric pressure (p O2 = 0.2), Ce
4+
CeO2 is equal to Ce 3+ at pH ≈ 2.5; at pH 2 only approximately 1 % of Ce 3+ ions in CeO 2 can be oxidized by the dissolved oxygen to Ce 4+ [25] . Moreover, at low pH values, especially in the presence of acids capable of forming complexes with cerium ions (citric, ethylenediaminetetraacetic, etc.), after the stage of substrate oxidation (Scheme 3(B), on the right), CeO 2 nanoparticles can even dissolve [32] . However, over time (especially upon the increasing of pH) Ce 3+ ions can be re-oxidized by the dissolved oxygen, forming CeO 2 nanoparticles again (see Figs. 5,6 ). For instance, at pH=5 the equilibrium ratio of Ce Oxidase-like activity of CDNs does not depend on the presence of small ions in solution (including acetate or citrate); however, DNA adsorption completely eliminates this enzymatic activity, restricting substrate access to the surface of nanoceria [33] .
CDN is catalase mimetic
Hydrogen peroxide (H 2 O 2 ) is one of the most important ROS in a cell. In catalase-catalyzed reactions, hydrogen peroxide is a substrate that is decomposed into non-toxic constituents (water and oxygen) in the presence of the enzyme. Catalase (as well as glutathione peroxidase) is the enzymatic component of the primary antioxidant system of the cell's protection. The well-known mechanism of catalase action is shown in Scheme 4(A). The commonly accepted mechanism of CDNs' catalase-like activity is shown in Scheme 4(B). However, this scheme is not fully correct, because the process of hydrogen peroxide decomposition in the presence of nanoceria is more complex and actually proceeds in several stages 4(C). (Scheme 4(C1, right)). Simultaneously, H 2 O 2 is irreversibly bonded to Ce 4+ ions on the surface of nanoceria, forming cerium perhydroxide (Scheme 4(C2, right)) [34] ; in turn, cerium perhydroxide further decomposes with oxygen formation (Scheme 4(C2, left)). The presence of hydroxyl groups on the surface of CeO 2 particles considerably facilitates the formation of perhydroxide (see Scheme 4(C)). For this reason, ceria sols obtained using "soft chemistry" methods in mild conditions show enhanced catalase mimetic activity, while for well-annealed ceria particles this ability is suppressed or nearly absent [35] . Typically, the injection of H 2 O 2 decreases the aggregative stability of ceria sols. Hydrogen peroxide is strongly absorbed on the surface of cerium dioxide nanoparticles, displacing inorganic or organic ligands (stabilizers, dyes etc.).
The mechanism of perhydroxide decomposition on a surface of CDN is not clear yet. In the case of aqueous solutions of cerium salts, the formation of hydroxyl and superoxide (hydroperoxyl) radicals as intermediates is assumed [36, 37] ; it was established that decomposition of hydrogen peroxide by cerium (III) ions occurs via Fenton/Haber-Weiss mechanisms [38] . However, in the case of cerium dioxide nanoparticles, these free radicals either cannot be formed or decay at the moment of their formation, according to Schemes 1 and 2. The ability to decompose H 2 O 2 without releasing the aforementioned harmful oxygen radicals is a specific feature of cerium dioxide nanoparticles that distinguishes CDNs from both cerium salts and most other metal oxides (including nanocrystalline ones). Due to the catalase-like activity of CDNs, the free hydrogen peroxide cannot be released in SOD-mimetic (Scheme 1(B)) or hydroxyl radical scavenging (Scheme 2(B)) cycles because H 2 O 2 is immediately decomposed by CeO 2 , according to Scheme 4(C). Cerium perhydroxide formation was observed during the interaction of cerium compounds and O 2 -radicals [39] .
To estimate the contribution of the C1 process into the mechanism of hydrogen peroxide decomposition by cerium dioxide nanoparticles, it is useful to analyze the redox behavior of H 2 O 2 and cerium species in aqueous systems (see below). On the other hand, it was demonstrated that the catalase mimetic property of CDNs (unlike the SOD mimetic one) essentially depends on the content of quadrivalent cerium in a particle [40, 41] . Therefore, it is possible to assume that the C2 cycle introduces an appreciable (or even the major) contribution to the catalytic decomposition of hydrogen peroxide by cerium dioxide nanoparticles.
Das et al. [41] proposed the mechanism of H 2 O 2 decomposition by tetravalent cerium ion as a part of the ROS-scavenging cycle of CDNs in a biological tissue:
According to the Pourbaix diagram, hydrogen peroxide reduces ceric ions in acidic media. Probably, the proposed scheme explains pro-oxidant properties of CDNs under acidic conditions, because thus forming hydroperoxyl radicals is more aggressive than both the starting superoxide radicals and intermediate hydrogen peroxide.
The formation and decomposition of the dark-colored cerium perhydroxide led to the common misconception that visual changes of the CeO 2 sol's color occur due to the oxidation and reduction of cerium ions in ceria particles. Fig. 7 shows the changes in the absorption spectra and the color of (NH 4 ) 2 Ce(NO 3 ) 6 aqueous solution upon peroxide injection. Surely, Ce 4+ ions cannot be further oxidized; nevertheless, the solution becomes deeply colored. In turn, the addition of hydrogen peroxide to an aqueous cerium (III) nitrate solution doesn't lead to an immediate change of color.
The absorption spectra of ceria aqueous sols before the injection of hydrogen peroxide and during several cycles of decomposition at different pH are presented in Fig. 8 .
One can see that a decrease in pH decreases the intensity of the sols' coloration caused by CeO 2 interaction with hydrogen peroxide, which indicates slowdown of C1 and C2 (right) stages. The kinetics of interaction is shown in Fig. 9 . The duration of a single redox-cycle (formation and decomposition of cerium perhydroxide) only slightly depends on a ratio of concentrations of ceria nanoparticles and H 2 O 2 , and strongly depends on the pH of the solution. The rate of formation of cerium perhydroxide and the decomposition of hydrogen peroxide decreases abruptly with a decrease in pH. For aqueous ionic cerium complexes, the rate of H 2 O 2 disproportionation at t = 25
• C and pH→5.0 drops practically to zero [37] . The available data shows that the catalase-like activity of nanoceria also depends on the pH of the solution (catalase activity increases with the pH of the solution and decreases with the decrease of the pH) [42] .
CDN as peroxidase mimetic and the interplay of CDN's pro-oxidant and anti-oxidant properties
The ability of CDNs to catalyse the oxidation of organic molecules by hydrogen peroxide in an acidic medium (peroxidase activity) was observed, e.g. in the reaction of H 2 O 2 with bioflavonoids (e.g. anthocyanins of FIG. 7. Absorption spectra of hydrogen peroxide (1), (NH 4 ) 2 Ce(NO 3 ) 6 aqueous solution before (2) and after injection of H 2 O 2 (2A) and CeCl 3 aqueous solution before (3) and after (3A) injection of equimolar quantity of H 2 O 2 . Inset: Appearance of corresponding solutions grape) [43] . There, it was shown that the balance of pro-oxidant and anti-oxidant properties of CDNs is dependent on the pH. A detailed study of the peroxidase activity of CDNs (including Michaelis-Menten constants) justified the possibility for the replacement of horseradish peroxidase (HRP) by cerium dioxide sols for the oxidation of the substrate (3,3,5,5-tetramethylbiphenyl dihydrochloride) in a glucose test [44] . It was shown for H 2 O 2 -substrate that the maximal reaction rate in the presence of CDNs exceeds the similar value for HRP (5.07·10 −8 M·s −1 and 3.34·10 −8 M·s −1 , accordingly). Scheme 5(A) shows a simplified catalytic cycle of peroxidase; here, E*(Red) and E(Ox) are reduced and oxidized forms of the enzyme, while Sub(Red) and Sub(Ox) are reduced and oxidized forms of the substrate, respectively. As well as in the case of oxidase mimetic, the decrease in pH enhances pro-oxidant properties of CeO 2 and raises the reaction rate under Scheme 5B (right part), but the possibility of the particles' regeneration under Scheme 5(B, left part) drops. It is obvious that for peroxidase-like activity of CDNs (as in the case of oxidase mimetic) there should be also an optimum pH value, located in the acidic area. For instance, Jiao et al. [44] also show that peroxidase-like activity of CDNs is maximal at pH 4, while at pH <2 and pH >6 it is lost. As mentioned above, at high pH values, nanocrystalline cerium dioxide exhibits catalase mimetic activity. Pro-and anti-oxidant properties of CDNs are closely related and determined by several key factors. Let us consider the role of CDNs in the oxidation of indigoid dyes by hydrogen peroxide as an example. Indigo carmine is decomposed by ROS in the whole range of pH (Fig. 10) . In the presence of nanoceria (particle size 3-5 nm, stabilized by citrate, ζ-potential of about -20 mV), the oxidation rate of indigo carmine by H 2 O 2 is changed: at pH <6, the rate of dye degradation by hydrogen peroxide is enhanced, i.e. CDNs exhibit peroxidase-like activity. Contrarily, at pH >7 the rate of discoloration of the solution decreased, thus revealing the catalase-like activity of CDNs (Fig. 11) . The ability of CeO 2 to decompose hydrogen peroxide can also be described in terms of its electrochemical behavior in aqueous solutions. This condition is satisfied when pH > 5.6 -
. We assume that p O2 = 0.1 and denotes the mole fraction of Ce(III) in the particle as D (since cerium dioxide is insoluble there are no cerium ions present in the solution). The total concentration of hydrogen peroxide above ≈ 1 mM causes cell death in mammals. The decomposition of the hydrogen peroxide to a lower concentration will occur at pH ≥ 5.1 − 1 3 log(D).
In stoichiometric coarse-grained CeO 2 , trivalent cerium ions are almost absent (D ≤ 10 −8 ). For such material, the limiting value is pH > 5.1 − log(10 −8 ) = 7.77. In other words, at pH < 7.8, stoichiometric cerium dioxide could not function as an anti-oxidant against hydrogen peroxide (because in this pH range the redox potential of ceria is higher than that of H 2 O 2 ). In non-stoichiometric cerium dioxide (especially in the presence of organic stabilizer), the D value reaches 0.01-0.001 and above [45] . For CeO 2 with D = 0.001, the threshold pH value is pH > 5.1 − log(10 −3 ) = 6.1. In other words, at pH > ca. 6, non-stoichiometric ceria is able to protect biological systems and their components from hydrogen peroxide. Figure 11 shows the dependence of the difference between the redox potentials of CDNs (D = 0.001) and 1 mM of hydrogen peroxide (∆E = E1 − E2) from the pH of media (solid line). The difference between the rate constants of indigo carmine dye decomposition by hydrogen peroxide in the absence and the presence of nanoceria is also shown as square dots (∆k = k1 − k2). This straight line coincides with the trend of the kinetic constant change of indigoid dye oxidation by hydrogen peroxide that is caused by ceria introduction.
The proposed calculation allows one to evaluate the protective ability of various cerium dioxide particles against ROS (e.g. hydrogen peroxide), taking into account the pH value of the medium in cells or cell organelles [46] . The respective data obtained for stoichiometric and non-stoichiometric cerium dioxide specimens are shown in Fig. 12 . Alteration of the stoichiometry can be used to control pro-or anti-oxidant properties of CDNs across a wide range of biologically relevant pH values. As can be seen from the figure, the minimum protection against oxidation is observed for the content of some vesicles (lysosomes and endosomes). It is well known that in eukaryotes, most of the substances are transported into cells via vesicular uptake mechanisms. Endocytosis provides a path for the useful nutrients (such as proteins, nucleic acids, polysaccharides and lipoprotein complexes) as well as the undesirable species (such as toxins, antibodies and virions, etc.). The oxidizing properties of CDNs may be useful for the destruction of dangerous exogenous components in the course of the vesicular transportation of nutrients into the cells. On the other hand, the analysis of pH-dependent redox behavior of CDNs suggests that the maximum protection from oxidative stress is manifested in the mitochondria. As is known, the endogenous oxidative processes in cells take place in mitochondria; they are actively involved in the generation of ROS and participate in the cascade of the programmed cell death. There is a proven correlation between excessive mitochondrial generation of ROS and aging [47] . Mitochondria-targeted anti-oxidants are effective protectors of cells and their organelles, under the conditions of oxidative stress or aging [48] . Figure 12 demonstrates that the CDN's behavior strictly depends on its stoichiometry, even in similar biological experiments. For example, recently we have demonstrated that ceria nanoparticles (2-5 nm) protect against oxidative stress in murine oocytes and boost their activity [49] , while authors [50] have found that cerium dioxide nanoparticles of the same size (∼3 nm) are pro-oxidants for murine oocytes and invoke oxidative damage of DNA. In the first case, nanoparticles have been obtained from salts of cerium (III) under "mild conditions" and contained more than 15 % Ce 3+ [45] ; in the second case nanoparticles (Rhodia) have been synthesized from cerium (IV) salts and practically did not contain Ce 3+ (less than 0.04 %) [51] . From the point of view of nanopharmaceutics, a pH-dependent equilibrium of pro-and anti-oxidant properties of the CDNs is of great interest; it could be applied for the development of antiviral drugs, for instance. Most viruses penetrate cells via endocytosis. The agglutination and release of genetic material require a low pH in vesicles. Thus, influenza hemagglutinin is inactive at pH 7. Fusion peptides change their conformation in acidic media only (at pH ≤ 5). At this pH, nanocrystalline cerium dioxide exhibits pro-oxidant properties, and thus can damage the nucleic acids of the virion. In vitro experiments revealed that CDNs (particles size 3-5 nm, stabilized with citrate, ζ-potential of about -20 mV, concentration of 0.01-0.1 mM) provide virus-resistance both in prophylactic and therapeutic (1 h after infecting) schemes, and also demonstrate a significant virucidal effect, reducing the titer of RNA virus (vesicular stomatitis) and DNA virus (herpes simplex type 1) in L929 and RF cells by 2.6-4.8 lg [52] . The selectivity index (the ratio of the effective antiviral and cytotoxic doses) is more than 16.0, which is typical for active antiviral drugs.
The prospect of the application of nanoceria for the redox treatment of tumours is even more exciting. Due to anaerobic respiration that occurs in the cytosol (lactic acid fermentation), rather than oxidative phosphorylation in the mitochondria (the Warburg effect), cancer cells express increased glycolysis. It is known that the pH value of the medium in a tumor is decreased (Fig. 13 [53] ). Further, the tumor exists in a state of hypoxia permanently, and the partial oxygen pressure in the carcinogenesis area is also decreased [54] . For the calculation of pH-dependent redox activity (see above) of CDNs in normal tissue p O2 ≈ 0.1 was used. The partial pressure of oxygen in tumors may be in the range of p O2 ≈ 0.01 − 0.001, therefore the redox activity of CDNs towards ROS (hydrogen peroxide) would be observed at 0.2-0.4 pH points higher than in normal tissue. Thus, CeO 2 nanoparticles can selectively protect the normal cells (unlike malignant cells) from oxidative stress.
The pioneering experiments with oxidative destruction of normal tissue cells (cardiomyocytes and fibroblasts) and tumor cells (lung carcinoma and breast cancer) substantiated this assumption [42] . Our latest experiments confirm it also: according to the data presented in paper [55] , panthenol-stabilized non-stoichiometric cerium dioxide nanoparticles provide strong protection for both normal (diploid epithelial swine testicular, ST) and malignant (human epidermoid cancer, HEp-2) cells under oxidative stress conditions induced by UV irradiation. However, the degree of protection against H 2 O 2 -induced oxidative stress dramatically differs: the application of 63 µM CeO 2 sols increases the viability of malignant cells not more than 10-15 % over negative control (H 2 O 2 ), while the same concentration of the CeO 2 protects normal cells almost completely (Fig. 14) . [53] . Top: pro-oxidant and anti-oxidant properties of the CeO 2 nanoparticles of various stoichiometry and the possibility of fine-tuning of such properties in the given pH range (see Fig. 12 ) Usually, seriously damaged cells undergo programmed cell death (apoptosis), a mechanism of self-destruction that involves mitochondria, but this mechanism fails in cancer cells. It was shown that 20 nm ceria nanoparticles in the concentrations of 3.5, 10.5 and 23.3 µg/ml after 24, 48 and 72 h exposure had an oxidative effect on A549 human lung cancer cells [56] . Cell viability was reduced proportionally to the administered dose of nanoparticles and the duration of the exposure. In the whole range of studied concentrations, the nanoparticles induced oxidative stress. The concentrations of glutathione and α-tocopherol were reduced, whilst the concentrations of malondialdehyde and lactate dehydrogenase, evidencing lipid peroxidation and cell membrane damage, were increased. The authors [57] showed that CDNs reduce viability of SMMC-7721 human hepatoma cells by inducing the apoptosis via the oxidative stress mechanism. CeO 2 nanoparticles significantly increase the production of ROS and simultaneously reduce the activity of superoxide dismutase, glutathione peroxidase and catalase.
FIG. 14. The number of surviving diploid epithelial swine testicular (ST) and human epidermoid cancer (HEp-2) cells under the following conditions (left to right): control, in the presence of 63 µM cerium dioxide nanoparticles, in the presence of 0.5 mM hydrogen peroxide, in the presence of 0.5 mM hydrogen peroxide and 63 µM cerium dioxide nanoparticles [55] Melanoma is the most aggressive type of skin cancer that is caused by the uncontrolled proliferation of melanocytes. Melanoma cells are highly metastatic and treatment of melanoma is ineffective, due to its high resistance to conventional chemotherapy. The authors investigated the inhibition of human melanoma cells (A375) by CDNs in vitro and in vivo in immunodeficient mice [58] . Unstabilized CeO 2 nanoparticles and nanoparticles coated with dextran were used in the experiments. According to the authors, Ce 3+ /Ce 4+ ratio in the particles was 67/33 and 21/79 respectively. It was found that nanoparticles were not toxic to stromal cells (fibroblasts and endothelial cells) in all the studied concentrations. However, in the presence of nanoparticles, the viability of tumor cells was significantly decreased. Inhibition of melanoma cells' activity was proportional to the applied concentration of ceria nanoparticles and the duration of exposure. Analysis of the oxidative stress and apoptosis indicators showed that the presence of CDNs caused oxidative stress in cancer cells, resulting in their lower viability and reduced proliferation. The authors showed that CDNs (particle size 3-5 nm, dextran-stabilized) had a cytotoxic effect on SCL-1 carcinoma tumor cells and also reduced their proliferation [59] . Simultaneously, CDNs were non-toxic to the stromal cells and were capable of protecting normal (non-malignant) human dermal fibroblasts from oxidative stress. CeO 2 nanoparticles (with a size of about 100 nm) were synthesized by two different techniques [60] . In the first case, the particles were annealed at 800
• C at the final step of the synthesis, whilst in the second case, the particles in the solution were heated up to a temperature of 60
• C. The first type of particles was presumably free of trivalent cerium, whereas the particles of the second type contained Ce 3+ on the surface. The particles without trivalent cerium were slightly more toxic to the normal cells of the L929 line and significantly more toxic to PC-3 prostate cancer cells.
The study of parameters affecting the redox-properties of cerium dioxide will allow the designing of the ceriabased nanozymes for required biochemical processes. CDNs with a high level of non-stoichiometry protect both normal and malignant cells against ROS, whilst the stoichiometric CDNs could serve as pro-oxidants for both types of cells, as can be seen from Fig. 12 and Fig. 13 . There is also a transient area between these two extremities: CeO 2 nanoparticles of a certain size and stoichiometry are capable of providing a selective protection in normal cells, and serve as an oxidative stress promoter in malignant cells. We have developed several techniques for the synthesis of ceria preparations with the desired physical and chemical parameters ("fine tuning", see Fig. 13 ). Examples of such preparations are the sols of cerium dioxide, stabilized by low molecular weight glucans [29, 61] . The protective effects of thus prepared cerium dioxide particles, such as inactivation of the hydroxyl radicals or protection of cells against hydrogen peroxide, depend on the size of the particles, which in turn depends on the cerium/glucose ratio in the precursor's mixture [29] . It should be noted that hypoxia and the decrease of pH in tumors is caused by the enhanced aerobic glycolysis, where tumors "trap" glucose [54] . It is expected that a CDN-glucan composite is to have an enhanced affinity towards cancer cells. Furthermore, due to the glucose presence, such a composite would accelerate hypoxia and decrease the pH, whilst simultaneously enhancing the oxidative stress in tumor cells.
Absence of specificity of chemical drugs to cancer cells is the basic problem of oncology. Ceria-based selective protection from oxidative stress opens new frontiers in the redox treatment of malignant tumors [62] [63] [64] .
CDN can destroy nitrogen radicals
Cerium dioxide nanoparticles are able to inactivate nitrogen-containing free radicals, including reactive nitrogen species (RNS). RNS act together with ROS to damage cells, causing nitrosative stress. Dowding et al. [65] have demonstrated the activity of CeO 2 particles against the nitrosyl (short-lived nitroxyl) radical ( * NO). We have reported that nanocrystalline cerium dioxide also inactivates the stable nitroxyl radical (2,2,6,6-tetramethyl-4-piperidone-N-oxyl) [66] . Two types of CeO 2 nanoparticles were studied: 1-2 nm (stabilized by sodium citrate) and 3-5 nm (stabilized by sodium adenosine triphosphate). Interestingly, the inactivation rate was dependent on the particle size of CeO 2 , where it increased proportionally as the particle size decreased. As the particle size decreases, Ce 3+ /Ce 4+ ratio increases, so obviously trivalent cerium is crucial for the inactivation of radicals. Oxidation of Ce 3+ during nitroxyl inactivation suggests that cerium oxide nanoparticles adopt the NO-reductase function and possibly serve as an electron donor. Dowding et al. [67] have shown the ability of CDNs to scavenge a highly reactive molecule of peroxynitrite (ONO − 2 ). The rate of inactivation was independent of the Ce 3+ /Ce 4+ ratio on the surface of the particles, but was significantly reduced in the inert atmosphere.
CDN as phosphatase mimetic
It was recently shown that nanosized cerium oxide, which is capable of acting as oxidoreductases, could also exhibit phosphatase activity [68] . For example, cerium oxide catalyses the cleavage of the ester bond in the organic phosphoric acid esters, such as p-nitrophenyl phosphate, adenosine triphosphate, o-phospho-L-tyrosine, etc. The initial reaction rate increases with the decrease in the pH. The pre-oxidation of nanoceria by hydrogen peroxide leads to the decrease in the concentration of Ce 3+ and also to the drastic decrease of the dephosphorylation reaction rates. A plausible mechanism of the phosphatase activity of CDNs can be studied by using the hydrolysis of p-nitrophenyl phosphate (NPP), which is a standard substrate for testing serum alkaline phosphatase. In the presence of the enzyme or CDNs the colourless NPP releases the phosphate group forming p-nitrophenol, which has a bright yellow colour in the alkaline medium (see Fig. 15 ). The figure also shows the plausible mechanism of CDNs' catalysis of the dephosphorylation of the organic compounds. The comparison of the simplified mechanism of phosphatase (Scheme 6(A)) and CDN (B) action shows that nanocrystalline cerium dioxide could hardly be called a phosphatase analog, since phosphate groups bind to cerium ions irreversibly. However, cerium phosphate is shown to be eliminated from the CeO 2 particle, resulting in the regeneration of its surface. The renewed particle could repeatedly take part in the reaction (similar to the enzyme) until the complete disappearance of the particle. Jia et al. [69] used nanosized cerium dioxide for concentrating and quantitative dephosphorylation of phosphopeptides. Park et al. [70] reported that nanosized cerium oxide can initiate the phosphorylation of the mitogenactivated protein kinase in human bronchial epithelial cells (Beas2B).
The activation of the transcription factor NF-κB depends on the phosphorylation of the protein-inhibitor by IκBα kinases (IKK). NF-κB is involved in inflammatory processes and is activated by the external physical or chemical factors (radiation, ultraviolet light or toxins), infectious agents (bacteria, viruses, parasites and their metabolic products), or by the signal molecules etc. Hyperactivation of the NF-κB leads to the synthesis of a number of pro-inflammatory cytokines, such as the family of interleukins, the tumour necrosis factor (TNF-α), the γ-interferon and macrophages activator, etc. Stress-kinase p38 activates the cascade of arachidonic acid, which is released from the phospholipids in the course of cell membrane lipid peroxidation, thus activating the cyclooxygenase, which is followed by the synthesis of inflammatory prostaglandins and lipoxygenase; it is then followed by the synthesis of leukotrienes -the mediators of the immediate-type allergic reaction. All these cascades have a pro-oxidant function and enhance the inflammatory response. The possibility of the targeted regulation of activity of the nuclear transcription factor is promising for a large number of pathological processes in the cell. For instance, the toxins in cigarette smoke extracts cause an inflammatory response in H9c2 cardiomyocytes. Pre-treatment of cells with CeO 2 nanoparticles (10 nM for 24 hours incubation prior to administration of 10% cigarette smoke extract) improves the survival of the cells' culture [71] . Biochemical studies have shown that nanoparticles inhibit phosphorylation of IκBα, thus reducing translocation of the p65 subunit, which is caused by the activation of NF-κB. Furthermore, the cells treated with cerium dioxide nanoparticles have reduced levels of some interleukins, e.g. tumor necrosis factor and inducible nitric oxide synthase (iNOS).
For their own replication, viruses use the signalling pathways and transcription factors of living cells. They activate IKK kinase; phosphorylation of the protein-inhibitor IκB causes the activation of the nuclear factor NF-κB; this activation increases the expression of viral genetic material. Conventional antiviral drugs do not affect IKK cascades. Simultaneously, the use of prostaglandin A1, which reduces the activity of IKK, results in a more than 3000-fold reduction of viral replication [72] . The development of effective drugs, inhibiting the phosphorylation of IκB, and their introduction into clinical practice, would open a new avenue in the treatment of viral infections [13] . Reversible phosphorylation and dephosphorylation reactions constitute the basis of the energy, metabolism and signalling pathways in cells. Phosphatase-like properties of ceria nanoparticles open a new way in assessing and predicting the biological activities of cerium oxide nanoparticles [73] . Probably, in the near future, there will be investigations into other biochemical processes that involve CDNs as a phosphatase (phosphate anion or organic phosphates acceptor). For example, the study of acetylcholinesterase reactivation by CDNs would be advantageous for the development of novel antidotes against the intoxication by organophosphorus compounds, etc.
Conclusions
CDN-based nanozymes are being widely used in nanopharmaceutical applications (such as development of the nanoscale techniques of chemical analysis, and development of the biomaterials for implants, which exhibit the desired therapeutic effect depending on the composition of blood development of molecular sensors and biosensors, etc. [74] ). It should be noted that ceria's behavior in living systems and its unique biological activity and ability to perform the function of certain enzymes are determined by a number of factors, many of which are yet to be established. The scope of application of nano-ceria is far from being restricted to the examples presented here. While the potential of CDNs as an active component of pharmaceuticals of the new generation is already evident, the development and clinical trials of ceria-based preparations will require further joint interdisciplinary efforts.
